Candida albicans biofilms are structured microbial communities composed of a mixture of yeast cells and hyphal elements, suggesting a pivotal role for the dimorphic switch in the development of biofilms. We have used C. albicans mutants defective in genes involved in filamentation (vcph1, vefg1, vhst7, and vcst20) and compared these mutants to wild-type strains to determine whether filamentation is an integral factor for biofilm formation. Scanning electron microscopy revealed that vcph1, vhst7 and vcst20 mutants were able to filament and form structured biofilms displaying three-dimensional architecture similar to those formed by wild-type strains. However, vefg1 and vcph1/vefg1 mutants were unable to filament and did not form biofilms, but rather sparse monolayers of loosely attached elongated, rodlike, cells. Antimicrobial susceptibility testing showed intrinsic resistance of all mutant strains to fluconazole and amphotericin B when attached to the surface of biomaterials. These results suggest that hyphal formation is pivotal for biofilm development in C. albicans. However, the sessile lifestyle associated with adherent cells confers antifungal resistance, regardless of coherent biofilm formation. ß
Introduction
Candida albicans is the most frequently isolated human fungal pathogen. It is known to cause a wide spectrum of mycoses, ranging from deep tissue infections to super¢cial infections of the skin and mucosa. The fungus typically infects these sites by overgrowth or hematogenous spread from a colonized site within the body. C. albicans has the capacity to switch from a yeast to a hyphal morphology, which is one of its major virulence determinants. Dimorphic switching is induced by many di¡erent environmental factors [1] . Furthermore, the activity of signaling pathways, which includes key transcriptional regulators, is an important factor in ¢lamentation [1^3] . Therefore, signal transduction pathways have been investigated at the molecular level to elucidate the mechanisms involved in the transition from yeast to hyphal morphology.
Saccharomyces cerevisiae can switch from a yeast form to ¢lamentous pseudohyphal form under environmental pressure. Several genes involved in ¢lamentation have been identi¢ed and the molecular pathways responsible for pseudohyphal formation are well described [4^12] . In C. albicans, candidate genes that are homologs of S. cerevisiae ¢lamentation-related genes have been identi¢ed and investigated to determine whether they have a potential role in C. albicans dimorphism. These genes included CPH1, HST7, and CST20, which are homologs of the S. cerevisiae STE12, STE7 and STE20 genes respectively [13^15] . In S. cerevisiae these genes are components of the pheromone and invasive response pathways, which function as mitogen-activated protein kinase cascades [2,131 6] . Another C. albicans gene, EFG1, plays an important role in promoting the formation of ¢lamentous forms [2, 17] . EFG1 is homologous to S. cerevisiae PHD1 and Aspergillus nidulans stuA, and its regulatory e¡ect prob-ably lies in a Ras-cAMP-protein kinase signaling pathway [1, 2] , most likely as a sequence-speci¢c DNA binding protein [18] . Strains of C. albicans, homozygous for mutations in the CST20, HST7, and CPH1 genes, are partially defective in hyphal development on solid media, but are able to form hyphae in liquid culture [13, 15] . In addition, strains of C. albicans defective in EFG1 form only pseudohyphae on solid media and do not germinate at all in liquid media [17] . It has been demonstrated that mutant strains defective in these ¢lamentation genes are less virulent than their wild-type counterparts and display lower levels of infectivity of endothelial cells and plasma-coated catheters [19^21] . Interestingly, although vefg1 mutants have a drastic block in true hyphal formation under most standard induction conditions, considerable ¢lamen-tation occurs under microaerophilic/embedded conditions, where oxygen supply is limited [22^24] .
The dimorphic transition from a yeast form to a hyphal form was described as a pivotal factor for C. albicans bio¢lm development by Baillie and Douglas [25] . These workers used two non-genetically-de¢ned mutant C. albicans strains derived from ATCC 64385 (1001), one defective in yeast formation (strain 1001-FR; yeast 3 ) and another defective in hyphal formation (strain 1001-92'; hypha
3 ), to demonstrate that hyphae were necessary to form a spatially organized bio¢lm. Bio¢lms formed by the strain defective in hyphae formation consisted of densely packed yeast cells within an atypical bio¢lm architecture that was easily detached from the substratum. Their experiments suggested that the dimorphic transition was an important requisite for bio¢lm development. Here we have assessed the ability of ¢ve mutant strains, with de¢ned defects in genes involved in ¢lamentation (vcph1, vefg1, vcph1/vefg1, vhst7 and vcst20), to form bio¢lms in comparison to wild-type strains. We have also compared the resistance of these strains to antifungals when they were grown as planktonic or bio¢lm cultures.
Materials and methods

Organisms
The C. albicans strains used in this study and their ¢l-amentation characteristics are listed in Table 1 . All mutant strains have been previously described [13, 19] . All mutants were URA3/ura3 heterozygotes constructed in the CAI4 background, which is isogenic with SC5314 [26] . Strain CAF-2 is heterozygous for URA3 and was used as a control. The strains were a generous gift of G.P. Fink.
Bio¢lm growth kinetics on the surface of wells of microtiter plates
Bio¢lms of the di¡erent C. albicans strains were formed as previously described by our group [27, 28] . Brie£y, isolates were propagated overnight in an orbital shaker at 30 ‡C in yeast peptone dextrose medium (1% w/v yeast extract, 2% w/v peptone, 2% w/v dextrose [US Biological, Swampscott, MA, USA]). Cells were harvested and washed in sterile phosphate-bu¡ered saline (PBS : 10 mM phosphate bu¡er, 2.7 mM potassium chloride, 137 mM sodium chloride, pH 7.4 [Sigma Chemical Co, St. Louis, MO, USA]). Cells were suspended in RPMI-1640 supplemented with L-glutamine and bu¡ered with morpholinepropanesulfonic acid (Angus Bu¡ers and Chemicals, Niagara Falls, NY, USA) and adjusted to the desired cellular density by counting in a hematocytometer. Bio¢lms were formed by pipetting standardized cell suspensions (100 Wl of 1U10 6 cells ml 31 ) into selected wells of presterilized, polystyrene, £at-bottomed, 96-well microtiter plates (Corning Incorporated, Corning, NY, USA) and incubated over a series of time intervals (0.5, 1, 2, 4, 6, 8, 24, 48 h) at 37 ‡C. After bio¢lm formation, the medium was aspirated and non-adherent cells were removed by thoroughly washing the bio¢lms with PBS. Bio¢lm formation was calculated using an XTT-reduction assay, essentially as described previously by our group [28] and in microscopic examinations. All growth kinetics experiments were performed with eight replicates on 2 separate occasions.
Scanning electron microscopy (SEM)
For SEM, bio¢lms were formed on sterile plastic coverslip discs (diameter 15 mm) (Nalge Nunc International, Denmark). Bio¢lms were formed on the coverslips within 24-well cell culture plates (Corning International, Corning, NY, USA) by dispensing standardized cell suspensions (2 ml of a suspension containing 1.0U10 6 cells ml 31 in RPMI-1640) onto appropriate discs at 37 ‡C. The discs were removed after 24 h and washed as described above. The bio¢lms were placed in ¢xative (4% formaldehyde v/v, 1% glutaraldehyde v/v in PBS) overnight. The samples were rinsed in 0.1 M phosphate bu¡er (2U3 min) and then placed in 1% Zetterquist's osmium for 30 min. The samples were subsequently dehydrated in a series of ethanol washes (70% for 10 min, 95% for 10 min, 100% for 20 min), then treated (2U5 min) with hexamethyldisilizane (Polysciences Inc., Warrington, PA, USA), and ¢nally air dried in a desiccator. The specimens were then coated with gold/palladium (40%/60%) and observed in a scanning electron microscope (Leo 435 VP) in high-vacuum mode at 15 kV.
Antifungal susceptibility testing
Two clinically used antifungal agents were tested in this study, £uconazole (P¢zer, Inc., New York, NJ, USA) and amphotericin B (Bristol-Myers Squibb, Princeton, NJ, USA). Fluconazole and amphotericin B were prepared at stock concentrations of 1024 Wg ml 31 in RPMI-1640
(Angus Bu¡ers and Chemicals). Antifungal susceptibility testing to determine minimum inhibitory concentrations (MICs) of planktonic cells was performed by using the National Committee for Clinical Laboratory Standards (NCCLS) M-27A broth microdilution method with reading of endpoints at 48 h [29] . For antifungal susceptibility testing of sessile (bio¢lm) cells, bio¢lms were formed by pipetting standardized cell suspensions (100 Wl) into selected wells of the microtiter plate, as described above, which were then incubated for 48 h at 37 ‡C. The bio¢lms were then washed thoroughly three times with sterile PBS before the addition of antifungal agents in serially double diluted concentrations and incubated for a further 48 h at 37 ‡C. A series of antifungal-free wells were also included to serve as controls. Sessile MICs were determined at 50% inhibition (SMIC50) and at 80% inhibition (SMIC80) compared to drug-free control wells using the XTT reduction assay described above [28] .
Results and discussion
It has been previously shown for C. albicans bio¢lm development that hyphae are essential elements for providing structural integrity and for multi-layered architecture [25] . These workers used two non-genetically-de¢ned mutant C. albicans strains derived from ATCC 64385 (1001), one defective in yeast formation (strain 1001-FR; yeast 3 ) and another defective in hyphal formation (strain 1001-92'; hypha
3 ), to demonstrate that hyphae were necessary to form a spatially organized bio¢lm. Bio¢lms formed by the strain defective in hyphae formation consisted of densely packed yeast cells within an atypical bio¢lm architecture that was easily detached from the substratum by washing. These observations led us to investigate genetically de¢ned C. albicans mutant strains, characterized by their respective abilities to ¢lament under di¡erent environmental conditions [13, 15, 19] , so that defects in ¢lamen-tation and bio¢lm formation observed in this set of isogenic strains could be attributed to individual genes with key morphogenetic roles.
Bio¢lm formation by C. albicans mutant strains in vitro
Seven genetically de¢ned isolates SC5314 (WT), CAF 2-1 (WT), CAN 16 (vcph1), CAN 19 (vhst7), CAN 26 (vhst20), CAN 33 (vefg1) and CAN 34 (vefg1/vcph1) were analyzed for their respective abilities to form bio¢lms in a high-throughput bio¢lm model [28] . The kinetics of adherence and subsequent bio¢lm formation by the di¡er-ent strains of C. albicans on the surface of polystyrene wells over 48 h, as determined by the colorimetric XTTreduction assay, is illustrated in Fig. 1 . The production of the soluble colored formazan salt from sessile cells, a direct re£ection of cellular metabolic activity, increased over time with the increased bio¢lm density. The three strains, CAN 16 (vcph1), CAN 33 (vefg1) and CAN 34 (vcph1/ vefg), did not exhibit increases in XTT absorbance with time. Although the CAN 16 bio¢lm was less dense than CAN 19 and CAN 26 (see below), morphologically it was more similar to these than either of CAN 33 or CAN 34.
Light microscopic observations performed in parallel demonstrated the characteristics associated with the development of C. albicans bio¢lms. Initially there was a period of adherence of yeast cells to the plate (0^1 h), followed thereafter by germ-tube formation (1^2 h). Each adherent yeast cell provided a focus of adhesion for subsequent micro-colony formation (2^4 h). Micro-colonies then began to merge towards one another, forming a con£uent mat-like monolayer of predominantly hyphal elements (48 h). Yeast cells, under the static conditions used and where present, were observed in close proximity to micro-colony focal points and were present as basal layers. As the maturity of the bio¢lm increased, hyphal growth perpetuated, leading to bio¢lms with a spatially organized three-dimensional architecture (8^48 h). CAN 33 and CAN 34 did not exhibit signs of ¢lamentation and micro-colony formation and did not achieve any three-dimensionality, but instead formed a sparse monolayer of elongated rod-like cells (see also Fig. 2 for SEM pictures) .
Both XTT-reading and microscopic observations indicated that the Efg1 regulator protein is a key factor for the formation and subsequent development of C. albicans bio¢lms. Thus, we subsequently tested the bio¢lm-forming ability of strains in which EFG1 was reintroduced into the vefg1 mutant strain by transformation (resulting in strain CAN 37) [19] , which restores the ¢lamentous phenotype under most conditions tested [19, 20] . Con£uent bio¢lms displaying three-dimensional architecture were formed with these complemented mutants, although the bio¢lms formed by EFG1/efg1 heterozygote were not as dense as those formed by wild-type strains and also exhibited slightly lower XTT-readings (OD for SC5314, 1.476 þ 0.046 and for CAN 37, 1.132 þ 0.144). Restoration of the bio¢lm-forming ability by re-introduction of EFG1 gene con¢rmed that the defect in bio¢lm formation is a consequence of the efg1 mutation.
SEM visualization of C. albicans bio¢lms
SEM was used to monitor the characteristics of 24-h bio¢lms formed on plastic coverslips by mutant C. albicans strains that were de¢cient in genes essential to ¢la-mentation (Fig. 2) . SEM demonstrated the intricate network of spatially dispersed ¢lamentous hyphal elements that intertwine to form a coherent three-dimensional structure. SC5314 bio¢lms were the most dense, followed in descending order by CAF-2, CAN 26 (vcst20), CAN 19 (vhst7) and CAN 16 (vcph1) . Since C. albicans strains vcph1, vhst7 and vcst20 genes were able to form ¢lamen-tous bio¢lms similar to the wild-type bio¢lms of SC5314 and CAF-2, these results suggested that these genes play a minimal role in bio¢lm formation. These observations are not surprising considering that strains with these mutations were unable to ¢lament on solid media, but were able to ¢lament in response to the environmental trigger of serum in liquid medium [13] . In our studies we used RPMI at 37 ‡C to induce ¢lamentation. C. albicans strains CAN 33 (vefg1) and CAN 34 (vefg1/vcph1) exhibited markedly altered bio¢lm phenotypes compared to wildtype bio¢lms. They showed sparse monolayers of short, elongated cells. The cells from the vefg1 and vefg1/ vcph1 mutants were unable to form hyphae, a prerequisite for the formation of bio¢lms that display three-dimensional architecture and spatial heterogeneity since hyphae are required to link micro-colonies, providing structural integrity by forming a woven 'mat-like' structure that enables C. albicans bio¢lms to develop as an organized community of cells. Again, reintroduction of EFG1 (strain CAN 37) led to restoration of bio¢lm-forming ability.
Antifungal susceptibility testing of C. albicans bio¢lms
The experiments described above demonstrated that ¢l- amentation is required for normal bio¢lm development. However, the di¡erent characteristics of bio¢lms formed by the di¡erent mutant strains a¡orded a unique opportunity to ascertain whether the bio¢lm architecture was a key factor in dictating the resistance phenotype that is associated with C. albicans bio¢lms. Thus, we challenged bio¢lms that were formed by wild-type strains and mutant strains with the antifungal agents, £uconazole and amphotericin B, to determine the concentration of drug required to inhibit sessile cells. Both antifungal agents showed decreased activity against sessile cells when compared to planktonic cells (Table 2 ). All isolates were highly resistant to £uconazole (SMIC80 s 1024 Wg ml 31 ). The resistance to amphotericin B was less dramatic, however the SMIC80s ranged from 1 to 8 Wg ml 31 . Inhibitory concentrations ranged between 128 and 2000 times the concentration required to inhibit planktonic cells from the same strains, for amphotericin B and £uconazole, respectively. A notable conclusion from our studies was that vefg1 and vefg1/vcph1 mutants growing as sessile populations were as equally resistant to the antifungal agents as the wildtype strains, when one may expect an altered resistance pro¢le. In fact, we have previously shown that sessile cells resuspended from C. albicans bio¢lms have an increased resistance to antimicrobial agents in comparison to their planktonic counterparts [30] , which is suggestive that resistance occurs at a cellular level as opposed to a population level. In all likelihood, resistance of sessile cells is a multi-factorial phenomenon, including the e¡ect of bio¢lm architecture, the metabolic state of the sessile microbial populations, and di¡erent patterns of gene expression in sessile and planktonic cells [30] .
In summary, we provide evidence for a role of Efg1 regulator protein in bio¢lm formation and development in C. albicans. The pleiomorphic behavior demonstrated by C. albicans, which is mediated in part by this complex regulatory circuitry is an important virulence factor, and as such, the prevention of ¢lamentation and subsequent bio¢lm formation, may o¡er opportunities for the development of targeted therapeutic strategies to combat these recalcitrant infections.
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